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LEED  intensity  curves  between  0-50  eV  contain  sharp  peaks  due  to  electronic  surface 
resonances.  Successful  comparison  with  theory  requires  an  accurate  knowledge  of the 
incidence angles and energy resolution  S 0.15  eV.  It is  shown that these requirements can be 
achieved  with  a  conventional  LEED  system.  The  resolution  was  obtained  by  doubly 
modulating the four  grid  retarding optics  and  the  electron gun.  The incidence angles  were 
found with a simple photographic technique. 
PACS numbers: 61.14.Hg 
INTRODUCTION 
There is  currently interest in  the study of surface reso-
nances by low energy electron scattering and it would 
appear likely to  become an  important tool for surface 
characterisation.! The method consists of  scattering - 3-
50  e  V  electrons  by  a  single  crystal  surface;  at 
certain energies and  angles  the  electrons can become 
trapped  by  the  surface  barrier  in  metastable  states 
which are spatially outside the crystal surface and ener-
getically above the vacuum level. They are revealed by 
sharp fluctuations of :5} e V half width in  the intensity 
versus voltage curve of the diffracted beams. For con-
venience it is the intensity of the specular beam that is 
usually measured although the total reflectivity using a 
digital filtering technique has also been successfuI.2 
To date,  the  measurement of resonances  has  been 
used to determine the lateral structure of surfaces by a 
fit  to the  surface  resonance band structure2•3  and  the 
determination of the shape, height and position of the 
surface barrier of metals. 4,5  Most of the measurements 
have so far been done in LEED chambers with the reso-
lution limited by the energy spread of the electron gun 
(-0.4 eV) and incidence angles determined by mechani-
cal alignment.  Very  high  resolution data has been ob-
tained using a monochrometer-spectrometer of the type 
used  in  high  resolution  electron  energy  loss  spec-
troscopy.6 
In  this  paper  two  techniques  are  described  which 
largely overcome the disadvantages of the conventional 
LEED system:  a  double  modulation  method  changes 
the limitation on resolution from the incident electron 
energy halfwidth to the resolution of the four grid  re-
tarding optics, and a photographic technique is used to 
measure the incidence angles: obviating the need for a 
goniometer specimen holder and avoiding the assump-
tion  that  mechanical  and  electrical  alignments  are 
identical. 
I. DOUBLE MODULATION DIFFERENTIATION 
The simplest way  to  overcome the electron  energy 
halfwidth is to sine-wave modulate the retarding grids, 
tune a lock-in amplifier to this frequency and gang the 
electron gun and retarding grids together. With a suitably 
small  modulating voltage  the resolution  will  be  deter-
mined by the grid optics (-0.5%).7 An  alternative and 
often less noisy method is to tune to twice the modulation 
frequency and place the retarding potential at the point 
of maximum slope in  the electron energy distribution. 
Though the signal  is  lower, the large noise component 
associated with the fundamental can be removed by a 
notch or bandpass filter. 
This  method  works  for  peaks of approximately the 
same  height  but is  not so useful  for a  peak which  is 
overlapped by a much larger one. This is  common with 
the Rydberg series observed with electron resonances 
which consists of a number of closely spaced peaks of 
diminishing height; in  this case and at low resolution, 
often only one asymmetric peak is observed. This situa-
tion is  analogous to that of Auger spectroscopy where 
there are very small peaks on a steep background. The 
solution  is  to  differentiate  the  spectra and  this  is  the 
purpose of the technique which will now be described. 
The double modulation method is  derived from  one 
used by Schowengerdt and Golden8  for measuring elec-
tron scattering by gases. Their analysis can be applied 
directly although the application to  the  LEED system 
is somewhat different. This method is illustrated in  Fig. 
I. The retarding grids are modulated with square waves 
to select a "channel" of electrons from the gun energy 
distribution in  much the same way as described in  the 
simple method above. But the gun energy is also modu-
lated so that the phase-lock's output is  proportional to 
the difference between the two .. channels". In the limi t 
of vanishingly small modulation amplitudes, this output 
is  equal to the derivative of the electron current with 
energy. 
The waveforms applied to the elements of the system 
are shown in Fig.  1.  The curves at the top represent the 
electron energy  distribution due  to  the  gun  and  after 
scattering off the  crystal.  The  shaded  portion  is  that 
passed by the four-grid LEED optics. At (a) the gun is 
at energy E and the grids are at the most positive part 
of their modulation.  At (b)  the voltage of the gun and 
on the grids is shifted by A  V  G:  the same relative amount 
of the  electron distribution  is  passed  but  at  a  higher 
energy. In (c) the gun energy remains constant but the 
retarding element goes more  negative  by  A  V  R'  In (d) 
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the proportion retarded remains constant but the energy 
moves back to the same value as in (a). 
With the reference frequency shown, the phase-lock's 
output signal will be proportional to 
(1) 
Schowengerdt and Golden show that 
X f
H82  F(E'  - E)g(E' + e~  V(J  - geE') dE' 
/0'+8\  e~VG 
(2) 
where F(E') is the electron energy distribution from the 
gun and where gee') describes the effect of scattering 
from  the crystal on this distribution,  i.e., the current 
leaving the crystal has the form f F(E' - E)g(E') dE'. 
For small modulation amplitudes (:sO. 1 V), e~  V  G and 
e ~  V R  will  be  much  less  than  the  halfwidth  of F(E) 
(~0.4 eV).  We  may  then take advantage of the large 
halfwidth and assume F is constant between the integra-
tion limits. 
where  (~gl  ~Eh\.f;2  is  the  average  of  [geE'  +  ~E) 
- g(E')]/~E  over  the  interval  (E1,E2 )  and  A  is  a 
constant. 
They also show that the resolution of a peak depends 
on (~Vc; +  ~  V R)' 
The  circuit  required  to  generate  the  waveforms  is 
shown in  Fig. 2.  A square wave from a signal generator 
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FIG.  1.  The top curve represents the 
electron energy distribution scattered 
off the crystal. The hatched and cross-
hatched  regions  are  those  electrons 
passed by the retarding grid analyser. 
The  cross-hatched  regions  are  the 
. 'channels" whose difference is meas-
ured by the phase-lock amplifier. The 
bottom three curves show the wave-
forms  applied  to the  reference input 
of the  phase-lock.  to  the  retarding 
grids and to the electron gun respec-
tively. 
with frequency 2j~, wherej~ is the reference frequency 
of the  phase lock is  applied  to  D-type  edge triggered 
flip-flops.  These produce 4 square waves of frequency 
j~/2, two of which (A  and B) can be chosen to have a 
phase difference of rr/2. A third (C) is fed to the reference 
channel of the  phase-lock,  where  it  is  internally  fre-
quency doubled to obtainj~. The signal from A is buf-
fered by an op-amp and fed  to  the electron gun.  The 
signal from B is summed with that from A and sent to the 
two  retarding  grids  of the  LEED optics.  The  LEED 
optics are configured as for  Auger spectroscopy with 
the specimen, front and shield grids at earth potential. 
The resolution obtainable with this method is limited 
by the modulation amplitudes and the inherent resolu-
tion of the grids. It is  an  advantageous situation for a 
retarding grid analyser in  that the resonances occur at 
low energies (often  <20 e V);  the resolution is  ~0.5o/c 
for a four grid analyser,  7 giving a theoretical resolution 
of 50 meV at  10  eV. Low noise spectra can easily be 
obtained with similar magnitude modulation amplitudes. 
Further advantages are that the specular beam is often 
the only one being analysed at these low energies and 
so centrality of the specimen and nonuniformity of the 
grids have far less influence, and magnetic and electric 
fields which can degrade the resolution must be absent 
for the experiment to be performed in  the first place. 
An  example  of an  application  of the  technique  is 
shown in Fig. 3.  The top curve shows the total current 
reaching the collector and is the same as that measured 
with a  spot photometer. The next is  the differentiated 
curve using the double modulation technique. The pres-
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FIG.  2.  Schematic of the electronics required to  produce  .f~, V  GRID and V  Gl'~ of Fig.  I . 
ence of a third lesser peak is immediately obvious. The 
fourth  curve is  the spectra differentiated and dynami-
cally integrated using the internal integrator of the phase 
lock.  The last curve  is  extremely noise free:  The dif-
ferentiation suppresses low frequency noise and the inte-
gration  smooths  out  the  high  frequency  noise.  The 
combination of the two is  a first order, dynamic back-
ground subtraction which is known to increase markedly 
the signal-to-noise ratio.9 
II. MEASUREMENT OF THE ANGLES OF 
INCIDENCE 
An accurate knowledge of the incident and azimuthal 
angles  ((),eM  is  essential for  theoretical  calculation  of 
resonance positions and the entire LEED spectrum. The 
method described here is  for the general case with the 
position of the electron gun and the electron energy as 
unknowns.  The  screen  is  photographed  at  energies 
where at least three LEED spots including the specular 
beam are visible. The coordinates are measured from the 
photograph and the  angles  are  deduced using  a  small 
computer program. 
A photographic method has recently been given for 
the special case where the gun position is known (in the 
usual orientation for normal incidence work), the inci-
dent trajectory lies  perpendicular to  the  photographic 
plate and knowledge of the  electron energy is  used. lo 
In this special case only two spots are required. 
The generality of the method to be described here is 
necessary because the large incidence angles often used 
in resonance studies (~700) require a glancing incidence 
LEED gun. The method gives the energy which provides 
a useful check on the calculations. It may also be used 
in  the  normal  incidence  case  where  the  assumptions 
of the two spot method are in  doubt. 
The present problem is  made more complex by the 
added generality. A completely different mathematical 
approach is  taken which makes its application just as 
simple as the two spot method: Instead of an iterative 
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FIG.  3.  A detail of a low energy electron spectra from Cu(lOO) near 
the  (II) azimuth:  ()  =  67°,  cf>  =  42°.  The spectra are unnormalised 
and  are  traced directly from  the x-y plotter: - - -: total current 
reaching phase-lock corresponding to the average of the hatched and 
cross-hatched regions of Fig.  I; --:  the derivative using the double 
modulation technique with AVe =  AVn  =  75 meV; -----: dynamic inte-
gral of the derivative. The third resonance peak which is not resolved 
in the first curve because of the halfwidth of the electrons from the 
gun  (~O.4 e V),  is  well resolved by the double modulation method. 
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FIG.  4.  Geometry  and  notation  for  incident  and  azimuthal  angle 
determination. 
solution of a set of equations, one inversion of a 3  x  3 
matrix is  required. 
The analysis given here is for a (100) face of an f.c.c. 
solid with the specular beam spot at the corner of the 
triad. The method is easily extended to other spots and 
geometries. 
A. Method 
The three coordinate systems used are shown in Fig. 4: 
S:  Centered at the point of incidence on the crystal, 0, 
with  its  z axis  normal  to  the  photographic  plate;  5
f
: 
centred at 0  with its z' axis normal to the crystal and 
the x', y'  axes  aligned  with  the  (10)  crystal  surface 
directions; 5":  an  intermediate  system formed  by  the 
translation of 5
f  to one of the three spots, 0'. 
The  spot  vectors  are  rh  r;',  r/',  i  =  s,  I,  2, 
respectively. 
The  operator :Jl  which  rotates 5  into 5' is  then re-
quired. Operating with :Jl  on the specular beam vector 
measured  in  5  gives  its  coordinates  in  5'  and  hence 
(J  and 1>.  Defining an operator ,U;- which translates from 
o to 0', 
(4) 
where g, g' and g" are 3 x  3 matrices. The problem 
then reduces to finding the matrix elements of g g  and 
g". The three spot vectors in 5 could be used to charac-
terise 5 because they are not coplanar. fJg would then 
not have an inverse because g  is simply the subtraction 
of one of the vectors from  the others which leaves a 
zero row in fJg. This can be avoided by replacing the 
zero row with the cross product of the two translated 
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vectors which assures a nonzero determinant. For sim-
plicity, this matrix will  still be called 2l.'/. 
The 5" system has the  property that the  projections 
of rt and  f2"  make  equal  intercepts  E,  on  the  x" and 
y" axes: These lengths are proportional to the reciprocal 
lattice vectors of the (100) face of an f.c.c. crystal which 
we are using as our example. 





p is  the radius of the phosphor screen, and where 
by simple geometry. Advantage has been taken of the 
invariance of the cross product under rotation.  Substi-
tuting into (4) gives :Jl.  Then 
:1?rs  =  r/,  (8) 
and hence 
and 
1>  =  arctanCv': / x.:).  (10) 
The  projection  E  is  directly  related  to  the  electron 
energy via 
(II) 
where C is a constant which depends on the interplanar 
spacing of the  crystal.  It provides  a  useful check on 
either the position of the crystal or the contact potential 
compensation applied to the gun voltage. 
The programming of the method is  straight forward. 
The only point of difficulty is selecting the correct solu-
tion from those arising from the sign ambiguities in the 
equations for  g" and  E.  Incorrect signs  will  give  the 
wrong  values  for  I  rl"  x  r2" I =  I  (rl  - rs)  x  (r2  - rsll 
and  the distance of the  spots from  0  in  the 5" frame 
(p).  This latter value  can be found  by computing the 
00'  =  rs  vector in 5" and adding it to the r/', thus satis-
fying 
p  = I  r/' + :1?rs I,  i  =  I, 2.  (12) 
The algorithm then becomes: 
1.  Read in: x;, Yi from the photographic plate together 
with  its  magnification;  p,  the  radius  of the  phosphor 
screen; and E, the measured energy. Scale with the mag-
nification. 
2. Construct fJg by subtracting the corner spot (in our 
case rs) and finding the cross product ofthe two vectors. 
3.  Compute E and hence .'f"'. 
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5.  Reject solutions for  which  I  (rl - rs)  x  (r2  - rs) I 
-=1=  I  rt x  r2" I and for which I  rt + 'lArs I =t- p; i  =  1,  2. 
6.  Compute rs'  =  'lArs  and hence 0,  1>. 
7.  Compute energy from  E and compare with E. 
8.  Redo 3 to 7 for the other signs in  E and g". 
B. Application 
The  glancing  incidence  electron  gun  was  aligned 
mechanically on the centre of curvature of the grids to 
within 0.5  mm.  The point of incidence, 0, should cer-
tainly be known to within  1 mm  for an error of ±0.5°. 
The  actual  error  can  easily  be  determined  for  each 
specific  situation by  varying the measured values fed 
into the program. 
Several photographs are taken at different energies; 
these can often be greater energies than those at which 
the measurements were made in  order to get the three 
spots on the screen. For this reason, and also to comply 
with  the  underlying assumption of the  analysis  above 
which is  that the electrons move  in  straight lines, the 
electric and magnetic fields  must be as low as possible. 
In the experiments where this technique has been used 
successfully, i.e., measurements of resonance positions 
between  11  and  15  e V,  the specular beam was not ob-
served to move above 5 e V. 
The  photographs  were taken with  a  Polaroid 5 x  4 
camera with a  x 1.5  magnification. This combined con-
venience and speed with the avoidance of possible en-
609  Rev. Sci. Instrum., Vol. 51,  No.5, May 1980 
largement distortion when using a  35  mm  format.  The 
positions of the spots were measured with a polarizing 
microscope with a vernier x-y stage. The polariser en-
abled contrast to be maximised. 
With the above precautions, the error in  angle was 
- ±0.3° for incidence angles between 45° and 70°.  The 
error was  estimated  from  the  spread  in  a  number of 
measurements  at different  energies.  Excellent  repro-
ducibility  and agreement with experimental and  theo-
retical  LEED data has been obtained using this tech-
nique. 5 
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